Diverse protein post-translational modifications (PTMs) in proteins form complex combinatorial patterns to regulate the protein function and biological processes in a fine-tuning manner. Reversible phosphorylation, cysteines (Cys) modification, and N-linked glycosylation are essentially involved in cellular signaling pathways of pro-inflammatory cytokines, which can induce beta cell death and diabetes. Here we developed a novel mass spectrometry-based proteomic strategy (termed TiCPG) for the simultaneous comprehensive characterization of the proteome and three post-translational modifications (PTMomes) by applying TiO 2 enrichment of peptides with reversibly modified Cysteine (rmCys), Phosphorylation, and sialylated N-linked (SAN-) Glycosylation from low amount of sample material with largely minimized sample loss. We applied this TiCPG strategy to quantitatively study the change of the three PTMs in β -cell-like INS-1E cells subject to pro-inflammatory cytokines stimulation. It enabled efficient enrichment and quantitative analysis of 8346 rmCys sites, 10321
Introduction
Protein post-translational modifications (PTMs) represent an essential regulatory mechanism for protein function. They act as molecular switches through the modulation of numerous properties of proteins including enzymatic activity, protein interactions and subcellular location. Cells in response to internal and external changes, such as stimulation and stress, can be rapidly relayed from sensors to effectors via reversible PTMs of proteins. There are more than 450 PTMs listed in the Uniprot database [1] , Diverse PTMs must be fine-tuned in the regulatory network in order to coordinate the protein states, and synergistically regulate the protein function in specific cellular conditions in a complex and dynamic way [2, 3] . Phosphorylation, cysteine (Cys) modification, and Sialylated N-linked (SAN-) glycosylation are reversible PTMs essentially involved in cellular signaling networks and pathways.
These three PTMs are highly represented in the proteome, they often co-exist on many proteins, and there is a possibility for cross-talking between these PTMs in order to regulate and fine-tune cellular signaling. For example, the oxidation of the catalytic Cys residues in the HC(X)5R motif of protein tyrosine phosphatases (PTPs) can completely abolish PTPs activity for tyrosine dephosphorylation [4] , indicating the crosstalk between phosphorylation and Cys oxidation. The modulation of phosphorylation events through cell membrane sialylation has been described in cancer [5, 6] , where tumors from sialyltransferase-deficient animals displayed decreased phosphorylation of focal adhesion kinase, which was involved in the signaling pathway of β 1-integrins [7] .
Infiltration of the islet of Langerhans by immune cells is a common phenomenon observed in type 1 and 2 diabetes. Elevated numbers of immune cells directly cause increased levels of inflammatory cytokines and chemokines in islets of diabetic patients and animal models for diabetes [8] [9] [10] . Tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and interleukin 1β (IL-1β) are among the primary components of pro-inflammatory cytokines responsible for the inflammatory response in diabetes pathogenesis [11] . They can increase the production of reactive oxygen species (ROS) through mitochondria and NADPH oxidase [12, 13] . The production of nitric oxide (NO) was largely increased by the stimulation of cells with IFN-γ/TNF-α through the increased expression of inducible NO synthase (iNOS or NOS2) [14] . The ROS can induce apoptosis and impair beta-cell function and viability in type 1 and 2 diabetes [15, 16] . Cys is the most ROS-sensitive amino acid, which undergoes a variety of reversible regulatory oxidative PTMs mediated by ROS [17] , and as such, Cys oxidation should be greatly affected in beta-cells subjected to cytokines stimulation. However, ROS can also affect other PTMs such as phosphorylation and glycosylation. ROS can induce increased serine phosphorylation but decreased tyrosine phosphorylation of insulin receptor substrate protein 1 (IRS1) and other key proteins, which results in enhanced protein degradation and impaired insulin signaling [12] . Interestingly, in yeast, defects in N-glycosylation lead to production of ROS and apoptosis [18] .
Studies have revealed that IFN-γ/TNF-α co-stimulation induced beta-cell apoptosis, partially through the regulation of protein expression and phosphorylation involving the Janus kinase -signal transducer and activator of transcription (JAK-STAT) and the nuclear factor-kappa B (NF-κB) pathways, and through increased nitric oxide production in human pancreatic islets [19] [20] [21] . However, the underlying molecular mechanisms of cytokines mediated beta-cell apoptosis, including site specific PTM modulation, are largely unknown.
Advanced mass spectrometry (MS) in combination with various PTM-specific enrichment methods enable the high-throughput identification and characterization of PTMs in cells or tissues. So far, most large-scale studies have focused on analyzing a single PTM; however, the analysis of the interaction between multiple PTMs requires the use of multiple complementary or comprehensive enrichment strategies for multiple PTMs [2, 3] . The Titanium Dioxide (TiO 2 ) beads have a high affinity capacity for adsorption of the acidic groups, such as the phosphate-group, to the surface of TiO 2 by forming a bridging bidentate binding [22] . Based on this principle, we have previously developed several enrichment methods for different PTMs using TiO 2 resin. The method for enrichment of phosphopeptides using TiO 2 is widely used for phosphoproteomic studies with high efficiency and specificity [23] . Meanwhile, the TiO 2 method was also developed for enrichment of SANglycopeptides [24] . Recently, we developed a new TiO 2 -based method for enrichment of cysteinecontaining peptides (Cys peptides) selectively labelled with a novel synthesized Cysteine-specific Phosphonate Adaptable Tag (CysPAT) [25, 26] . Taken together, these methods indicate the possibility of developing a comprehensive strategy using TiO 2 for simultaneous enrichment of phosphopeptides, reversibly oxidized Cys peptides and sialylated N-linked glycopeptides and the simultaneous characterization of these three PTMs in biological settings.
The pro-inflammatory cytokines TNF-α and IFN-γ can increase the production of reactive oxygen species (ROS) and nitric oxide (NO) in β -cells through the increased expression of inducible NO synthase (iNOS or NOS2) and induce apoptosis or impair β -cell function and viability in type 1 and 2 with the following advantages. Firstly, the strategy can be used for simultaneous enrichment of phosphopeptides, rmCys peptides and sialylated N-linked glycopeptides in just one TiO 2 enrichment step, the experimental procedure is straightforward, easy and fast to perform and minimize the problem of sample loss. Secondly, the strategy can detect different forms of peptides unbiasedly, no matter peptides with single PTM or the peptides that contain multiple and/or different types of PTMs on the same peptide, this feature is essential for characterization of PTM cross-talking. In addition, the strategy does not require large amount of starting material, the needed material can be the same as that for single PTM study. In this study, the relatively low amount of starting material (100 µg from each condition, 300 µg in total) with multiplexed iTRAQ isotopic labeling strategy makes it an efficient and attractive approach for PTM studies with limited sample amount, such as the valuable clinical samples.
Lastly, the cost of this strategy is relatively low, compare to commercial antibody and resin based methods. Regarding the complexity of co-enriched PTM peptides, the second TiO 2 enrichment to separate the deglycosylated peptides and the followed HILIC pre-fractionation can greatly decrease the complexity of all samples. The application of advanced high resolution accurate MS is also helpful for increasing the number of peptide identifications. In summary, the TiCPG strategy is an efficient and easy tool for simultaneous characterization of reversible Cys modification, phosphorylation, and Nlinked Glycosylation from low amount of biological samples.
Overall identification and motif analysis
From the NM fractions, we identified 36031 unique peptides derived from 6396 proteins ( Supplemental   Table S1 ), and from the enriched fractions, a total of 46593 unique peptides from 6476 proteins were identified ( Supplemental Table S2 ). Among the enriched peptides, 33740 peptides from 5853 proteins contained PTM sites. The Venn diagrams (Figure 1b and Figure 1c ) indicated the overlap of proteins and peptides identified with the three PTMs. For these 33740 unique peptides with PTM sites, 3573 peptides were identified with at least 2 different PTMs, and 107 peptides with all three PTMs (Supplemental Table S3 , Figure 1c ). About 10.6% of the modified peptides identified by the TiCPG strategy contained two or three PTMs, which is much higher than what identified by serial enrichment Table S4 , Figure 1d ). These results confirmed that the phosphopeptides, the CysPAT labeled rmCys peptides and the formerly SAN-glycopeptides can be simultaneously enriched and characterized by the TiCPG method with high efficiency and sensitivity.
Motif analysis of PTM sites using Motif-X (P < 10 −6 and relative occurrence rate threshold of 3%) revealed 14 rmCys motifs, 12 of them were formed by rmCys sites with an adjacent lysine (K) or arginine (R) amino acids. It also revealed 12 phosphoserine motifs, 10 phosphothreonine motifs, 1 phosphotyrosine motif and the conserved N-linked glycosylation NXS/T/C motifs. The identified motifs and statistical information were listed in Supplemental table S5 .
Quantification Overview
After log2 value transforming and normalization, the datasets of quantified peptides with PTMs showed standard normal distribution (Figure 2a ), validating the reliability of the data processing method. Principal component analysis (PCA) of peptides with PTMs showed a clear segregation of the three conditions, while samples from same time points but different replicates were clustered together ( Figure 2b ). The larger variability (52.3%) of component 1 was between stimulated samples (12h and 24h) and unstimulated samples (0h), indicating the fundamental effect of IFN-γ/TNF-α co-stimulation on the regulation of PTMs in INS-1E cells. The difference between 12h and 24h stimulation was separated in component 2 with smaller variability (19.2%). Very stringent criteria was applied for definition of significant regulation for proteins and peptides with PTMs, which should be observed in at least two replicates, with a p-value 0.05 in limma and rank tests, and showed no less than 1.5 fold change in one condition compared to the other conditions. The results revealed that IFN-γ/TNF-α costimulation caused significant regulation of 100 proteins at the expression level ( Supplemental table   S6 ), and much more regulations were observed at the PTM level among 3025 peptides with PTMs from 1490 proteins ( Supplemental table S7 ). Multiple scatter plot analysis of regulated peptides with PTMs also revealed a high reproducibility between triplicates (Figure 2c ), as the Pearson correlation values for same condition between triplicates were relatively high, varying between 0.81 and 0.93.
Analysis of regulated proteins at the total protein level
For the 100 proteins with regulation at total protein level, compared to control (0h), after cytokines stimulation, 85 proteins showed increased expression, and only 15 proteins had decreased expression.
Most of the upregulated proteins identified in this study were already confirmed to show up-regulated gene expression upon these cytokines stimulation using human cDNA microarray or oligonucleotide arrays [31, 32] , and as so our results confirm their upregulation at the protein level. String network analysis ( Figure 3a ) revealed that the largest network was formed by the IFN-γ induced proteins, which all showed increased expression, and confirmed in the IFNs regulated genes database (http://www.interferome.org). The second largest network was clustered by the up-regulated immune proteins related to antigen processing and presentation, such as the major histocompatibility complex (MHC) antigens. The other three sub-networks included the up-regulated TNF-α induced proteins related to the NF-κB signaling pathway (CD40, NF-κB2 and ICAM1), proteasome proteins (PSME1, PSMB9 and PSMB10) and redox related proteins (SOD1, NOS2). The effect of cytokines on the upregulated expression of MHC antigens, CD40, NF-κB2 and ICAM1 were confirmed in a previous study [33] . NOS2 was observed with increased expression, and it's well known that cytokines stimulation leads to increased NOS2 expression and NO production in β -cell [34] . SOD1, which is related to anti-oxidative stress in cells, was the only protein in the network with decreased expression after stimulation. Genetic ablation of SOD1 causes glucose intolerance, reduced in vivo beta cell insulin secretion and decreased beta cell volume [35] , but overexpression of SOD1 can confer protection against toxicity of the cytokine mixture [36], Our results indicate that the cytokines stimulation may cause the oxidative stress through increased expression of NOS2 and decreased the amount of the antioxidant defense molecule SOD1. Furthermore, pathway analysis (IPA) revealed protein targets directly mediated by IFN-γ and TNF-α ( Figure 3b ); The network contained 36 proteins or protein complexes, among them, 35 and 25 targets were found to directly interact with IFN-γ and TNF-α respectively. Of these, 24 protein targets had interaction with both cytokines. This analysis indicated a highly shared interaction network map between IFN-γ and TNF-α.
Analysis of proteins with regulated PTMs
For the regulated peptides with PTMs, beside the previous mentioned statistical criteria, peptides with other possible induced modifications during sample preparation, such as unspecific deamidation on N and Q, oxidation on methionine were removed. The remaining peptides were manually inspected to confirm the reliability of the PTM sites. For the N-linked glycosites with NXS/T/C motif, the associated proteins must be secretory proteins or membrane associated proteins, on which N-linked glycosylation can happen. Based on these criteria, 3025 peptides with PTMs on 1490 proteins were found to be significantly regulated after stimulation ( Supplemental table S7 ), as summarized in Supplemental Figure 2 . A total of 1175 rmCys sites, 1514 phosphosites and 115 SAN-glycosylation sites were identified to be regulated in 809, 776 and 98 proteins respectively. String network analysis using Markov CLustering Algorithm (MCL) revealed more than 100 MCL protein sub-clusters, which should contain 3 or more proteins in a cluster (Supplemental Figure 3 and Supplemental table S8 ). The analysis revealed that these three PTMs demonstrated specific spatial and biological processes related distribution patterns. Generally, protein phosphorylation and reversible Cys modifications were the two dominant PTMs, widely distributed and regulated in most of the listed proteins, but they also showed differential distributions for specific protein clusters. N-linked glycosylation was rarely observed in a few protein clusters. The most intense protein clusters for each PTM were presented in Figure 4a , b, c.
The rmCys modification was highly represented in networks related to protein translation in ribosome and proteolysis in proteasome, RNA binding and ribosome biogenesis, glycolysis and glucogenesis, etc.
( Figure 4a ). Phosphorylation was the main regulated PTM in networks related to mitotic cell cycle, RNA splicing in spliceosome, small GTPase signaling, transmembrane signaling, etc. (Figure 4b ).
Regulated SAN-glycosylation was relatively over-represented in networks related to MHC RT1 class proteins, antigen processing and presentation proteins, immune response related complements ( Figure   4c ). The most intense protein cluster with 45 proteins was related to protein translation in ribosome and proteolysis in proteasome, and most proteins in this cluster were found with only regulated rmCys. IPA analysis of regulated proteins revealed a more complicated network at the PTM level, including 79 proteins that directly interact with INFγ and TNFα ( Figure 5 ), the proteins in the outer ring of the network were interacting only with TNF-α (connected with pink line) or IFN-γ (connected with orange line), whereas the 43 proteins in the inner rings were interacting with both cytokines, and some of the interesting key proteins were indicated in the most inner ring of the network, such as STATs, NOS2, SODs, NF-κB complex, ICAM1 and MXs. Whereas many of the proteins in these networks showed regulated phosphorylation, more proteins contained regulated Cys modification. Regulated N-linked glycosylation was identified only on 10 proteins in the network, which were all membrane associated proteins.
Cluster analysis revealed different spatial and temporal patterns of the three PTMs
The fuzzy c-means clustering method was used to analyze the time-course change patterns of regulated peptides with PTMs, and revealed 6 clusters ( Figure 4d and Supplemental table S7 ). The numbers of regulated sites for the different PTMs and proteins in each cluster were also indicated on the right-up corner of each cluster. The PTM sites in cluster 1 and cluster 2 showed a quick response to cytokines stimulation, the effects were maximized at 12h (decreased in cluster 1, increased in cluster 2), and then relatively attenuated to almost normal level at 24h. Phosphorylation was the main regulated PTM in cluster 1 and 2. The PTM sites in cluster 3 and cluster 4 generally showed a down-regulated pattern after cytokines stimulation, and the majority of them were in cluster 3 with decrease to a low level and stable from 12h to 24h. More rmCys sites were identified than other PTM sites in cluster 3, indicating decreased level of reversible Cys modification. Cluster 5 and cluster 6 represented PTMs that were upregulated after stimulation. More regulated phosphosites were observed than regulated rmCys sites.
Interestingly, much more up-regulated N-glycosylation sites were identified in cluster 5 and 6 than in other clusters, and highly represented in immune related networks, reflecting the important role of Nglycosylation in cytokines mediated immune response. The analysis indicated the three regulated PTMs also demonstrated different temporal patterns in the time course of cytokine stimulation, indicating different regulatory roles of these PTMs.
String network analysis of proteins in each cluster further revealed the associated biological processes for the regulated PTMs. Proteins with regulated PTMs in cluster 1 and 2 (Supplemental Figure 4 ) were related to translation, RNA splicing in spliceosome, metabolism processes, and some networks centered to specific proteins such as CDK1 and RAC1. Phosphorylation was the dominant regulated PTM for these proteins. Many more proteins were present in cluster 3, these proteins were mainly regulated by rmCys, and they were related to series of biological processes (Supplemental Figure 5 ), such as DNA replication and repair, RNA transcription, splicing, and transport, protein translation and processing, citrate/TCA cycle, carbohydrate and purine metabolism etc. No complicated network was observed in cluster 4. Proteins in cluster 5 and 6 (Supplemental Figure 6 ) were related to networks involved in DNA, RNA, protein and metabolism processes. Other very interesting networks were also enriched in these two clusters, including proteasome proteins, cytokines induced proteins and related interactions, cytokines regulated signaling pathways, such as JAK-STAT signaling, NF-κB signaling, and a large number of immune proteins related to antigen processing and presentation. Essentially, upregulated N-glycosylation was found to be highly represented in these immune related networks, reflecting the important role of N-glycosylation in cytokines mediated immune response. Regulated phosphorylation and rmCys were both widely distributed in cluster 5 and 6. Interestingly, phosphorylation and rmCys were both found to be regulated in proteins related to RNA splicing in the spliceosome. However, these two PTMs showed different regulation patterns, proteins with regulated phosphorylation were observed in cluster 1, 2, 5 and 6, but proteins with rmCys were predominantly found in cluster 3, indicating different regulatory roles for phosphorylation and rmCys. In summary, the combined cluster and network analysis indicated that the rmCys, phosphorylation and Nglycosylation were generally regulated by pro-inflammatory cytokines and widely distributed in INS-1E cells. However, they presented specific spatial and temporal patterns related to diverse biological processes in the time course of cytokine stimulation.
Signaling pathway and interaction analysis
IPA signaling pathway analysis was further employed for signaling pathways and interaction analysis of the proteins with regulated PTMs, it revealed 16 interesting over-represented signaling pathways ( Supplemental table S9 ). These pathways were cytokines and cytokines mediated pathways, and pathways related to diabetes, redox regulation, immunological and metabolic activities. The proteins with regulated PTMs in these selected pathways were used to build the interaction network. It was built using data source from specific tissue and cell lines (the pancreas, beta cell, and pancreatic cancer cell lines) at high confidence level in order to increase the specificity and decrease the complexity. An interesting interaction network ( Figure 6 ) was revealed and presented based on the interaction and cellular location information of these proteins. The proteins were differentially colored to indicate their regulated PTMs. The network demonstrated that TNF-α and IFN-γ co-stimulation led to the regulation of the three PTMs in proteins from membrane to nucleus, rmCys and phosphorylation were regulated in proteins located in whole cell, whereas N-linked glycosylation were regulated mainly in membrane proteins, which was in agreement with the property of N-linked glycosylation. The pro-inflammatory cytokines TNF-α and IFN-γ initiate the activation of NF-κB, STATs and mitogen-activated protein kinases (MAPK) as well as their related β -cell gene networks, leading to the activation of NOS2 and increases in nitric oxide (NO), which ultimately induce β -cell apoptosis [21, 34] . Our data confirmed that cytokines co-stimulation induced the upregulation of STATs, NF-κB and NOS2 at total protein level( Figure 3a) . The IPA analysis further revealed the different regulation of PTMs in these key proteins and related proteins in the network ( Figure 6 ). As indicated, the STAT signaling molecules:
JUN and STATs, the NF-κB complex proteins: NF-κB1, NF-κBIB, NF-κB2, REL-associated proteins RELA, RELB and inhibitor of NF-κB kinase subunit gamma (IKBKG) and pancreatic and duodenal homeobox 1 (PDX1) essential for beta cell function were located in the nucleus. STATs and RELB were regulated by both phosphorylation and rmCys, but RELA, NF-κBIB, NF-κB2 and IKBKG were identified with only regulated rmCys, JUN, PDX1 and NF-κB1 were identified with only regulated phosphorylation. In the cytoplasm, NOS2 was identified with both regulated phosphorylation and rmCys, JAK1 and MAPKs were identified with only regulated phosphorylation. On the membrane, regulated N-linked glycosylation and other PTMs were mainly identified on protein receptors, ICAM1
and immune proteins related to antigen processing and presentation.
Characterization of regulated signaling pathways related to NOS2
The activation of transcriptional factors JUN, STAT1 and NF-κB by cytokines can induce the expression of NOS2, lead to the increased production of NO, and mediate the apoptosis of β -cells [21], as indicated in the NOS2 signaling pathway ( Figure 7) . In our study, the increased expression and regulated phosphorylation and rmCys were observed on STATs upon cytokine stimulation.
Phosphorylation of STAT1 induced by IFN-γ was reported to regulate the STAT1 transcriptional activity [37] . We observed that the phosphorylation of S523 on JAK2 was upregulated after stimulation, and it can serve as a negative regulator to dampen activation of JAK2 in response to stimulation [38] .
Phosphorylation of S63 and S73 on transcription factor AP1 (JUN) was also identified to be upregulated to high level at 12h and then decreased at 24h of stimulation. The phosphorylation of S63 and S73 can induce the activation of JUN and regulate cell cycle regression and apoptosis [39] . The NF-κB complex has five members, NF-κB1, NF-κB2, RELA, RELB and c-REL. Activation of the NFκ B is mediated by the IκB kinase (IKK), and the inhibitor of nuclear factor kappa-B kinase subunit gamma (IKBKG or IKK-γ) is a "master" regulatory protein subunit of IKK [40] . In our study, the NFκ B2 was highly increased at the protein level after stimulation, meanwhile, increased phosphorylation was observed on S493 in NF-κB1 and S549 in RELB. Multiple regulated rmCys sites were also observed on different protein subunits of the NF-κB complex (Figure 7 ). The C340 in rat IKBKG, which is identical to C347 of human IKBKG, can form intermolecular disulfide bond in the IKBKG dimer with C54, which is mediated by ROS and facilitate the activation of NF-κB DNA binding in response to treatment with TNF-α [40] . The observed upregulation of this site in our study may indicate the formation of more dimers to enhance the NF-κB DNA binding. The increased expression and upregulated rmCys and phosphorylation of NOS2 were also identified. C107 and C112 in rat NOS2 are identical to C104 and C109 of human NOS2, which can contribute to form the zinc tetrathiolate cluster to maintain the stability and activity of the homodimeric NOS2, as monomeric NOS2 is inactive [41] .
The increased rmCys of C107 and C112 in NOS2 may increase NOS2 activity and NO production through this mechanism.
Beside the molecules related to NOS2 signaling, other essential proteins related to redox and beta cell function were also identified with regulated PTMs, such as SOD1 and SOD2. They are antioxidant enzymes that catalyze the dismutation (or partitioning) of the superoxide (O 2 − ) radical into either ordinary molecular oxygen (O 2 ) or hydrogen peroxide (H 2 O 2 ). SOD1 is located in the cytoplasm, and SOD2 is located in the mitochondria. We observed that the expression and the rmCys site C7 of SOD1
were significantly decreased after 12h cytokines stimulation, and increased a bit after 24h cytokines stimulation. This Cys site in human was identified to be a palmitoylation site, and mutation of this site prevented palmitoylation, leading to reduction of SOD1 activity in vivo and in vitro, and inhibition of its nuclear localization [42] . The decreased expression and Cys modification may indicate a reduced anti-oxidant activity in the cell upon cytokine stimulation. C220 in SOD2 was identified to be significantly upregulated, in contrast to SOD2 protein expression after stimulation. Heterozygous SOD2 deletion in mice, a model that mimics SOD2 changes observed in diabetic humans, can impair glucose-stimulated insulin secretion, in high fat-fed mice without affecting insulin action [43] . The increased Cys modification might be a protective mechanism in mitochondria against oxidative stress caused by cytokines stimulation.
N-linked glycoproteins related to receptors and immune response
Compare to Cys modification and phosphorylation, N-linked glycosylation was much rarely observed, and its regulation was found mostly on proteins associated with the membrane, and these proteins mostly were receptors and proteins related to immune response. For receptors, upregulated N-linked glycosylation and Cys modification were identified on N901, C215, C219, C332, C456, C489, C664, C807 and C816 in Insulin-like growth factor 1 receptor (IGF1R), while IGF2R was identified to be downregulated at total protein level, and multiple PTM sites were also found to be downregulated after stimulation, including N737, N2125, C64, C366, C375, C883, C1259, C1450, C1966, C2028, C2114, S2397, S2467, S2472. According to the Uniprot database, these regulated PTM sites were identified in human IGF1R and IGF2R by large scale MS analysis as well, and most of the Cys sites were responsible for the formation of disulfide bonds and related to the dimerization and activation of receptors [44] . Adequate N-linked glycosylation is required for the translocation of IGF receptors to the cell surface, and inhibition of N-linked glycosylation resulted in down-regulation of IGF-1R at the cell surface, and correlated with a drastic decrease in IGF-1R auto-phosphorylation and inactivation of the receptor [45] . However, this study doesn't report on the altered PTM sites, which we observed here.
TNFRSF11B and CD40 are TNF receptors, the PTM sites C124, C185, N178 and N289 in TNFRSF11B, S49, C51, C83, C186 and C259 in CD40 were identified to be upregulated after stimulation, human studies reported that most of these Cys sites can form disulfide bonds essential for the dimerization of CD40 [46] and trimerization of TNFRSF11B [47] . The two glycosylation sites of TNFRSF11B were also reported in Uniprot database. In addition, N67 and C659 of high affinity nerve growth factor receptor 1 (NTRK1) were found to be downregulated and N205 of NTRK2 were upregulated, and these glycosylation sites were also confirmed by other study in Uniprot database [48] .
Multiple proteins related to immune response were identified with regulated sialylated N-linked glycosites, including ICAM1 and several major histocompatibility complex (MHC) proteins encoded by the human leukocyte antigen (HLA) gene complex. ICAM1 is a transmembrane protein of the immunoglobulin superfamily, and the ligand for the leukocyte adhesion protein integrin
Its expression can be significantly increased in the presence of cytokines and ROS [49] . ICAM1 is characterized as heavily glycosylated, and N-glycosylation deficiency would reduce ICAM1 induction and impair inflammatory response [50, 51] . The increased expression of ICAM1 was also observed in our study, meanwhile, up regulation of PTMs was determined on 4 N-linked glycosylation sites (N154, N202, N309, N464) and 3 rmCys sites (C135, C290, C382) of ICAM1 after normalization to the protein level. These regulated PTM sites were already confirmed in structural studies and annotated in the Uniprot database. The regulated Cys sites can form disulfide bonds with other Cys sites in the structure of ICAM1 and they are essential for the affinity with integrin α Lβ2 and dimerization [52, 53] .
The upregulation of PTM on these sites should be triggered by the immune response induced by cytokines. All MHC family members carry N-linked glycosylation at sites that are highly conserved across evolution, N-linked glycosylation is essential for protein structure and quality control events in the ER and additional functional roles such as mediating receptor-ligand interactions and/or molecular geometric spacing for immune responses [54] . In our study, multiple MHC proteins were upregulated at the total protein level, as indicated in Figure 3b , meanwhile, N105 in HLA-DQA1, N96 in HLA-DRA and N46 in HLA-DRB5 were identified with upregulated N-linked glycosylation after normalization (N105 of HLA-DQA1 is a conserved site identical to N96 of HLA-DRA). These data strongly indicate that sialylation is heavily involved in these immune responses to cytokine stimulation.
Additionally, multiple modified Cys sites and phosphosites on MHC proteins were also found to be upregulated after normalization. Mx proteins are interferon-induced members of the dynamin superfamily of large GTPases with essential function in early antiviral host defense [55] . In this study, MX1, MX2 and MX3 were all found to be upregulated at the total protein level upon cytokines stimulation, in agreement with another study [56] . At the PTM level, the modified PTM sites C33, C313, C327, C578 and S557 in MX1, C40 in MX2, C40 and S190 in MX3 were mostly found to be up-regulated even after normalization to the protein abundance. C40 is conserved in MX2 and MX3.
However, the function of these PTM sites were not annotated, it would be a very challenging task to characterize the function of regulated PTM sites identified in this study.
Conclusion
Combined analysis of multiple PTMs in an easy and efficient manner is still a very challenging task, but highly desired in MS based PTMomics studies. In this work, we developed the 'one stone for three birds' comprehensive TiCPG strategy for multiple PTMs. The TiCPG strategy enables the simultaneous characterization of the proteome and three essential PTMomes with high efficiency and specificity using low amount of starting material, and it also greatly minimizes the sample loss problem observed in other strategies targeting multiple PTMs. The complete procedure is relatively straightforward and easy to perform in most laboratories, with one step enrichment for peptides with three PTMs and subsequent separation and pre-fractionation steps. The identification coverage for each PTM using the TiCPG strategy is comparable to that of individual PTM analysis. In principle, the TiCPG strategy can also be extended to include other PTMs that can be enriched by TiO 2 chromatography, and it can also be integrated with other enrichment strategy to include additional PTMs, such as antibodybased enrichment of ubiquitinated and lysine acetylated peptides. The application of the TiCPG strategy to characterize the proteome and the targeted three PTMs in INS-1E cells subject to IFNγ /TNF-α co-stimulation revealed differential spatial and temporal patterns related to protein function and cellular localization in the time course of cytokine stimulation. We believe that the TiCPG strategy will be a powerful tool for characterization of multiple PTMs, PTM cross-talk and related interactions in biological or clinical applications. At 90% confluency the cells were aspirated in serum free RPMI 1640 GlutaMAX medium with 1%
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Materials
Penicilin/streptomycin (Invitrogen # 15070-063), 1mM sodium pyruvate (sigma Aldrich #S8636) and 50 µM 2-mercaptoethanol) for 10 hours. The cells were subject to cytokines stimulation in serum free medium containing 10 ng/ml rat IFN-γ (Peprotech, #400-20) and 10 ng/ml rat TNF-α (Peprotech, 400-14) for 12 and 24 hours. The control cells were aspirated in new serum free medium supplemented with penicilin/streptomycin, sodium pyruvate and 2-mercaptoethanol for 5 minutes before harvesting. After stimulation the cells were washed in cold 1x PBS, and harvested by scraping, centrifuged at 300 g for 3 minutes, PBS removed and snap frozen in liquid nitrogen. The cell pellets were stored at -80°C until further used.
Preparation of protein lysate from cytokines stimulated INS-1E cells
Triplicates of the control INS-1E cells, and the cells subject to 12h, 24h IFN-γ/TNF-α stimulation from 15cm dishes respectively were re-suspended in 500 
Hydrophilic Interaction Liquid Interaction Chromatography (HILIC)
After the above enrichment steps, we got three fractions of peptides, the non-modified peptide fraction, the co-enriched rmCys peptides with CysPAT labeling and phosphopeptides fraction and the deglycosylated formerly SAN-glycopeptide fraction. All these three peptide fractions were further fractionated using HILIC. The peptides were fractionated on an in-house packed TSKgel Amide-80 HILIC (Tosoh Bioscience, 5 μ m) 320 μ m × 170 mm μ HPLC column by using the Agilent 1200 micro-HPLC instrument [57] . Briefly, the samples were suspended in solvent B (90% ACN, 0.1% TFA) by adding 10% TFA followed by water and finally the acetonitrile was slowly added to the aqueous solution in order to prevent peptide precipitation by the high acetonitrile concentration. Peptides (no more than 40 μ g) were loaded onto a 320 ID peak HILIC column and eluted at 6 
Database searching, statistical and bioinformatics analysis
The LC-MS/MS data were processed with Proteome Discoverer (Version [59]. Only potential N-linked glycosylation sites with deamidation of asparagine (N) within the eukaryotic glycosylation sequon (NXS/T/C, X ≠ P) were considered. Peptides with different amino acid sequences or modifications were considered unique. The generated quantitative data was further filtered by removing the data with missing channels, the redundant data, and the un-unique peptides shared by different proteins. Then the data was subject to statistical analysis. For the datasets of nonmodified peptides, the quantification was performed at protein level. The log2-values of the measured precursor areas were normalized by the median values across an entire labelling experiment to correct for protein abundance variation. Peptides from same proteins were merged with the R Rollup function (http://www.omics.pnl.gov) allowing for one-hit-wonders and using the mean of the normalized areas for each peptide. Then the mean over the experimental conditions for each protein in each replicate was subtracted, and data from the three replicates were merged. For the datasets of peptides with PTMs, quantification was performed for each peptide in the same way as described above. Detection of differentially regulated proteins and peptides was performed applying a combination of limma and rank tests [60], Resulting p-values were corrected for multiple test [61]. Statistical methods were described in more detail in [62] . Perseus was also used to visualize the statistical results [63]. Very stringent criteria was used to define proteins and modified peptides with significant regulation, which should be observed in at least two replicates, with a p-value 0.05, and showed no less than 1.5 fold change in one condition compared to the other two conditions. We applied fuzzy c-means clustering analysis [64] of peptides with PTMs.
Motif analysis of PTM sites was performed using the Motif-X online software (http://motifx.med.harvard.edu/motif-x.html) with possibility threshold of P < 10 −6 and relative occurrence rate threshold of 3% as previously described [65, 66] . Network analysis was performed using Cytoscape 2  3  .  L  a  r  s  e  n  M  R  ,  T  h  i  n  g  h  o  l  m  T  E  ,  J  e  n  s  e  n  O  N  ,  R  o  e  p  s  t  o  r  f  f  P  ,  J  o  r  g  e  n  s  e  n  T  J  D  :   H  i  g  h  l  y  s  e  l  e  c  t  i  v  e  e  n  r  i  c  h  m  e  n  t  o  f  p  h  o  s  p  h  o  r  y  l  a  t  e  d  p  e  p  t  i  d  e  s  f  r  o  m  p  e  p  t  i  d  e  m  i  x  t  u  r  e  s  u  s  i  n  g  t  i  t  a  n  i  u  m  d  i  o  x  i  d  e  m  i  c  r  o  c  o  l  u  m  n  s   .  M  o  l  e  c  u  l  a  r  &   C  e  l  l  u  l  a  r  P  r  o  t  e  o  m  i  c  s  2  0 The STRING protein-protein interaction network indicated the interested biological subnetwork with red dash line cycle, and the relative protein abundance at 0h, 12h and 24h was also indicated as annotated in legend. (b) IPA analysis revealed the IFN-γ and TNF-α directly interacting proteins, which were all up-regulated at the protein level after cytokines stimulation. 
Figure 6:
The protein interaction network of proteins with regulated PTMs. It was built based on interested signaling pathways using IPA analysis. The color indicated the type of regulated PTMs in the protein as presented in legend.
Figure 7:
The NOS2 signaling pathway. The proteins identified with PTMs were labelled with different colors in the pathway, and for the proteins with the regulated PTM sites, the sites were also indicated. The color indicated the type of regulated PTMs in the protein as presented in legend.
Supplementary figures and tables.
Supplementary Figure S1 : The Venn diagram of identified unique peptides between three experimental replicates from CP fractions. Supplementary Figure S3 : The Markov CLustering Algorithm (MCL) sub-networks of proteins with regulated PTM sites. The MCL sub-clusters were generated based on the STRING network analysis of all proteins with regulated PTM sites using MCL in Cytoscape, and the interesting sub-networks were manually annotated based on their gene ontology or related pathway information. The node color indicated the identified type of regulated PTMs in the protein as presented in color legend.
Supplementary
Supplementary Figure S4 : The MCL sub-networks of proteins with regulated PTM sites from fuzzy c-means cluster 1 (a) and 2 (b).
